Determination of the structural phase and octahedral rotation angle in halide perovskites
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Recently, halide-based perovskites have drawn substantial interest as promising materials for high-efficiency solar energy harvesting due to their excellent optoelectronic properties, low-cost, and material accessibility. [1] [2] [3] Various combinations of optical and electronic properties can be achieved by altering their structures, [4] [5] [6] and a precise knowledge of the atomic configuration is vital for a complete understanding of the structure-property relationship. Particularly, development of Pb-halide structures, such as CsPbX 3 , without a volatile organic compound, can provide a higher durability for photovoltaic cells. 7 In addition, CsPbBr 3 presents better mechanical stability and optoelectronic properties for applications in X-and c-ray radiation detectors. 8 Initial studies on halide perovskites CsPbX 3 by M€ oller in the 1950s 9, 10 described the structure of CsPbBr 3 as a monoclinic distorted perovskite at room temperature. In single crystals, the low-and room-temperature phases have been reported to be orthorhombic 8, 11 evolving to tetragonal with increasing temperature and to cubic for temperatures above 130 C. In nanostructures, the cubic structure 12 has been predominant. 13 Recent first principles calculations 14 have shown that octahedral units in halide perovskites generally prefer inphase rotations, 15 though a cubic-to-tetragonal (I4/mcm) transformation through out-of phase rotations 15 has also been found. 16, 17 The typical yellow-orange color of CsPbBr 3 single crystals (Fig. S1 in the supplementary material) has been attributed to an orthorhombic phase with a bandgap of 2.25 eV. 8 However, the challenge remains in determining the symmetry and quantifying the octahedral rotations accurately as the crystal structural phase can vary with the size and growth technique. Most of the structural characterization studies in halide perovskites have been performed using X-ray or neutron diffraction. [8] [9] [10] [11] [12] 16, 17 Unfortunately, these techniques offer a limited spatial resolution and low sensitivity to small symmetry deviations, such as the absence of center of symmetry and effects due to small atomic shifts, 18 hence presenting significant challenges to precisely distinguish the mesoscale structural complexity of different phases and octahedral tilting configurations. Advances in aberration corrected (scanning) transmission electron microscopy (S)TEM over the few past decades have significantly improved the accuracy of structure determination with a sub-Å resolution. [19] [20] [21] [22] However, it remains difficult to characterize halide perovskites due to their high sensitivity to electron radiation damages. 23 Recently, Yu et al. 13 demonstrated that by reducing the electron dose, it is possible to achieve atomic resolution images of ultrathin CsPbBr 3 nanoplates using a phase contrast imaging technique named exit-wave reconstruction.
Here, we apply electron diffraction based techniques, including convergent beam electron diffraction (CBED) and electron ptychography, to unambiguously determine the space-group and estimate the octahedral rotations of the all-inorganic halide perovskite CsPbBr 3 under low dose conditions. CBED can uniquely determine space-group symmetries 24 at the scale of few nanometers enabling probing defect-free areas within the crystal and has been applied to many different materials over the past few decades. [25] [26] [27] [28] [29] Space group symmetry elements such as screw axes, glide planes, and non-centrosymmetric axes can be identified by observing the presence or absence of dynamical extinction lines due to dynamical scattering effects. [30] [31] [32] Moreover, high order Laue-Zone (HOLZ) reflections in CBED are sensitive to the subtle displacements of atoms along the projected beam direction and can be used to identify the symmetry departures from its ideal structural phase. 33 For atomic resolution low dose imaging, we use electron ptychography, which is known for providing a quantitative measure of the phase changes of the incident coherent electron wave as it propagates through an electron transparent specimen. 34 This technique offers a highly efficient phase contrast transfer function and excellent image contrast of light elements under low dose imaging conditions. 35 Recent advances in the fast pixelated detector technology have allowed atomic resolution phase images to be achieved simultaneously using the incoherent Z-contrast imaging method in Highangle Annular Dark Field (HAADF) STEM, 36,37 therefore providing great sensitivity for imaging both light and heavy elements.
Single crystals of CsPbBr 3 , grown via the BridgmanStockbarger technique, were crushed to powder and dropped on ultrathin C-coated Cu grids. CBED experiments were performed using a Zeiss Libra MC200 operated at 200 kV. CBED patterns were collected using a convergence semiangle of 1.6 mrad and recorded using a Gatan 894 Ultrascan with the sample kept at liquid nitrogen (LN) temperature (%77 K). For reconstructions, the electron diffraction patterns at each probe position were recorded at room-temperature (%300 K) using a Gatan K2 IS direct electron detector operated at 800 frames per second installed on TEAM I, an aberration-corrected FEI Titan 80-300 operated in the STEM mode at 300 kV with a convergence semi-angle of 17.2 mrad. The camera acquisition and probe scanning were synchronized using a Gatan Digiscan and STEMx software package. The simultaneous annular dark field (ADF) image was acquired with collection angles of 40-240mrad. The probe was scanned over 256 Â 256 probe positions to create a 256 Â 256 x 1920 Â 895 four-dimensional (4D) dataset, namely, 4D-STEM. Data post processing was performed using custom scripts written in MATLAB. Multislice simulations were performed using custom MATLAB codes that follow the methods of Kirkland 38 applying sixteen frozen phonon configurations. Simulated 4D-STEM datasets are composed of a mesh of 35 Â 35 probe positions per unit cell with the FWHM of the probe set to 0.8 Å . The lattice parameter was initially set using the cubic structure reported by Stoumpos et al. 8 and transformed to tetragonal by applying a ¼ ffiffi ffi 2 p a; b ¼ ffiffi ffi 2 p a, and c ¼ 2a expansion. To generate out-of phase rotations, we applied a shift (dx) to the 8 h Wyckoff position of the I4/mcm space group. The shift is related to the octahedral unit rotation angle by / ¼ tan
, where x 0 ¼ x þ dx is the updated fractional coordinate for 8 h. Ptychography reconstructions were applied to both experimental and simulated 4D datasets using the Wigner distribution deconvolution (WDD) method. 39 We can narrow the possible structures of CsPbBr 3 following the pathways of distortions from the ideal cubic structure [ Fig. 1(a) ] by applying the group-subgroup relationship (Fig. S2 in the supplementary material) . In-phase or out-of-phase octahedral unit rotation around the fourfold [001] axis results in tetragonal P4/mbm [ Fig. 1(b) ] or I4/mcm [ Fig. 1(c) 
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In principle, the crystal symmetries presented in Fig. 1 can be fully distinguished by analyzing CBED patterns taken at one of the high symmetry pseudocubic projections 41 perpendicular to the alternating layers where the displacements of Br take place during phase transformations. Figure 2 Figure 2(c) shows HOLZ reflections at the same crystal orientation as in Fig. 2(b) . HOLZ diffraction probes the subtle symmetry distortions along the beam direction distinguishing between the projected symmetries of possible tetragonal I4/mcm and P4/mbm along the [001] direction (same as [001] pc ) and Pm 3m. The pattern clearly exhibits a fourfold rotation symmetry indicated by a dotted arc, and two mirror symmetries indicated by the arrowheads m1 and m2, with a total projected symmetry of p4 mm. This symmetry reduction takes place through displacements of Br sites at Wyckoff position 8 h, which possess an m2m point symmetry. These out-of-phase displacements result in a superlattice reflection where Br sites contribute to the hkl (h, k ¼ even) first-order Laue zone (FOLZ) reflections. . The appearance of superlattice FOLZ reflection possessing a p4 mm symmetry in the simulated CBED clearly matches the symmetry of the experimental pattern. The Br shift applied in Fig. 2(d) was chosen based on the estimation of the octahedral angle shown in the following ptychographic measurements. It is important to notice that any break of symmetry along the Z axis would produce an extra HOLZ line (see Fig. S3 in the supplementary material) . Further structure refinement based on the FOLZ and SOLZ relative intensity is possible in order to determine the rotation angle values as shown by Tsuda and Tanaka. 33 Electron ptychography was applied for direct imaging Br sites and displacements due to the out-of-phase octahedral rotations enforced by the I4/mcm symmetry established by CBED. The 4D datasets acquired at room temperature using a fast pixelated direct electron detector contain redundant phase information that can be extracted using electron ptychography. 37 The relatively total low electron dose applied in this work (%10 3 e Å À2 ) reduces the specimen damage by the electron radiation. Before and after images confirm that the specimen remained undamaged after recording the ptychographic dataset (see Fig. S4 in the supplementary material). As individual diffraction patterns recorded with a short dwell time of 1.3 ms have a poor signal-to-noise ratio, the diffraction patterns were denoised using a clusterization procedure 42 prior to applying ptychographic reconstruction improving the signal to noise of individual diffraction patterns (see Fig. S5 in the supplementary material) . Figure 3 (a) shows an incoherent Z-contrast image recorded simultaneously with the ptychographic dataset using an annular dark field (ADF) detector. The inset shows a unit cell average of the experimental image. The ADF image provides a good contrast for Cs and Pb sites; however, Br visibility is much lower due to the low signal-to-noise ratio when imaged under low dose conditions. Figure 3(b) shows the phase of the ptychographically reconstructed complex specimen function, with a unit cell average shown as the inset. The phase image improves the contrast for all three elements including Br. In particular, fine details of the vertical and horizontal projected stretch of the Br are now visible in the phase image. The elongated Br columns are associated with the out-phase PbBr 6 octahedral unit rotation that leads to a small splitting of the Br columns when projected along the [001] axis of the I4/mcm structure [ Fig. 1(c) ] determined by CBED (Fig. 2) .
Comparison between experiment and a series of phase images ptychographically reconstructed from a 4D-STEM simulated dataset for different degrees of rotation allows us to estimate the experimental PbBr 6 octahedral rotation (see octahedral rotation, matching a direct geometric conversion of apparent Br sites in the phase reconstruction and implying a high degree of direct interpretability of the ptychography reconstruction even for thick specimens. The robustness of the reconstruction method for relatively thick foils, like the case presented here, is demonstrated in Fig. S8 in the supplementary material by determining the distance of the two Br related features in the phase reconstruction as a function of thickness (up to 400 Å ) and octahedral rotation angle, further supporting the angular error bar of 1.5 . We have determined the structural phase and estimated the octahedral rotation of a CsPbBr 3 crystal under low dose conditions using a combination of CBED and electron ptychography. The presence of extra HOLZ reflections in the CBED patterns taken at LN temperature unambiguously assigns a p4 mm symmetry with out-of-phase PbBr 6 octahedral unit rotations, which corresponds to the I4/mcm tetragonal space group. This phase may be originated from the single crystal growth method applied in this work, and the precise control of the crystalline phase by varying growth parameters remains interesting to explore in the future. The ptychographic phase image provided a sensitive phase contrast of elongated Br columns owing to the out-of-phase octahedral rotation and enables further quantification of the projected distance of Br sites (0.57 6 0.18 Å ) along the [001] axis of the I4/mcm structure that corresponds to a rotation angle of 6.5 6 1.5 at room temperature in comparison to ptychographic reconstructions of fully dynamical scanning diffraction simulations. It is important to emphasize that the transformation of tetragonal I4/mcm to orthorhombic Pmna is forbidden and that CsPbBr 3 does not present structural changes until reaching 130 C. Therefore, the CBED result obtained at cryogenic temperature and ptychographic result at room temperature ensure that the I4/mcm phase remains up to the point where CsPbBr 3 transforms to cubic. Also, based on the structural transformation of similar perovskite materials, 16 we can infer that the octahedral rotation degree reduces as the temperature increases. In conclusion, we believe that our work demonstrates a powerful characterization routine that can be applied to studying a wide range of halide-based all-inorganic and inorganic-organic hybrid perovskites. Moreover, it opens up the opportunity to directly determine micro-and nano-scale structural mosaicism for a plethora of possible octahedral rotations, deformations, and off-centering in halide-based perovskites.
See supplementary material for photographs of a large single crystal of CsPbBr 3 analyzed in this work; group-subgroup relationship scheme among Glazer tilt systems highlighting possible phase transitions for CsPbBr 3 ; CBED simulations showing HOLZ reflections for different octahedral rotation angles and thicknesses; HAADF images acquired before, during, and after the acquisition of diffraction datasets with their corresponding fast-Fourier transformation (FFT); single diffraction and mean diffraction over the whole dataset with and without clusterization; panel of simulated ptychographic reconstructed phase images for different octahedral rotation angles and specimen thicknesses; double Gaussian fitting of the projected Br-Br bond length and related errors; and measured BrBr projected bond length values as a function of the octahedral rotation angles for different simulated thicknesses.
